In conventional FIA, continuous foreward flow is used to transport the injected sample zone, to mix it with reagents and to carry the reaction product into a flow cell for detection. 11 This allows accurate determination and higher sampling frequency, but consumes more reagents and generates more waste as the result of continuous pumping. Since COD measurements are the routine analysis, the difficulty of disposing large quantities of highly acidic KMnO4 or K2Cr2O7 waste, as well as high consumption of large quantities of expensive reagents (Ag2SO4), are serious problems for most industrial laboratories. To suppress the reagent consumption and to minimize the hazardous wastes, an effective solution is the adoption of a reversible system by circulating the oxidant solution. One of the authors has proposed a new concept for cyclic FIA, where the reaction takes place in large quantities of an "inhibitor". 12 It is well known that HIO4 oxidizes Mn 2+ to MnO4 -in an acidic solution. 13, 14 We found that the oxidation of organic substances with MnO4 -occurred in the existence of a large amount of co-existing HIO4, if the FIA system was adopted. Therefore, the decreased absorbance of MnO4 -corresponding to the COD value of the sample was observed. After passing through the flow-through cell, subsequent oxidation of the resulting Mn 2+ to MnO4 -was carried out by HIO4. Consequently, the MnO4 -was regenerated to its original concentration level and could be reused repeatedly.
The aim of this study is to develop a very simple, economical and waste-less method for the automatic determination of COD by using cyclic FIA spectrophotometry. The method focused on the small consumption of KMnO4 and H2SO4, and thus on minimization of its wastes by circulating the reagent carrier solution. The ability to reuse the oxidant repeatedly in a FIA system has never been reported, and should represent an important development, since this would lead to a significant decrease of hazardous and toxic chemical consumption. Another advantage in this cyclic FIA includes a shorter analysis time, increased analytical performance and applicability to process and field analysis.
Experimental

Apparatus
The cyclic FIA apparatus used in this work is shown in Fig. 1 . It is composed of a Sanuki DMX-2300T double plunger pump (Tokyo, Japan), a Rheodyne 9725 injection valve (20 µl loop), a Soma S-3250 visible spectrophotometer (Tokyo, Japan) equipped with a flow-through cell (5 mm light pass, 9 µl inner volume) and a Nippon Denshi Kagaku U-228 multi-range recorder (Tokyo, Japan). An Iuchi SHD-1 hot dry bath (Osaka, Japan), equipped with a thermostated aluminum block, was used to preserve the temperature of the coiled PTFE reactor. Flow lines were made of PTFE tubings (0.5 mm i.d.) and connectors.
Reagents and solutions
All of the reagents were of analytical reagent grade and purchased from Wako Pure Chemical Ind. (Osaka, Japan). Water used for preparing solutions was purified in a MilliporeMilliQ system. A stock permanganate solution (0.01 M) was prepared by dissolving 0.7904 g of KMnO4 in 500 ml of water. Stock COD standards were prepared by dissolving 0.7610 g of sodium oxalate and 0.1793 g of D-glucose in 500 ml of water, and their COD values were measured according to the titrimetric permanganate method at 100˚C (JIS method, 2 180 mg COD l -1 and 380 mg COD l -1 , respectively). Working solutions were prepared fresh daily by appropriately diluting the stock solution.
Procedure
A circulating reagent carrier solution was made up of 50-ml containing 0.2 mM KMnO4, 1 mM HIO4 in 0.8 M H2SO4. This solution in the reservoir was constantly stirred with the help of a magnetic stirrer. A 20-µl of sample/standard COD solution was injected into a stream of the reagent carrier solution. The solution was led to a coiled PTFE reactor and the oxidation reaction was allowed to proceed. The solution was then passed through the flow-through cell of the spectrophotometer, where the reduction of MnO4 -absorbance was measured at 525 nm. The response was fed to a strip chart recorder. The stream was then carried back to the reservoir after passing through a backpressure coil (10 or 50 m). The reservoir, coiled PTFE reactor and back-pressure coil were heated in a thermostated water bath at 70˚C. A flow rate of circulating reagent solution was 0.75 ml min -1 . Using a cycle time of 2 min, 30 sample injections h -1
were made.
Results and Discussion
Principle of the method Basically, the method involves a sample oxidation by a known concentration of MnO4 -in a hot H2SO4 solution. The reduction in MnO4 -absorbance (∆absorbance) due to oxidation of the organic substances was measured quickly at 525 nm. This ∆absorbance was proportional to the COD value of organic substances in the sample solution. After passing through the flow-through cell, the generated Mn 2+ was oxidized to MnO4 -by a stronger oxidant, which existed excessively in the circulating reagent solution, resulting in the original concentration (absorbance) of MnO4 -. The stream was then carried back to the reservoir, and is reused repeatedly. This made it possible to adopt the cyclic FIA system ( Fig. 1 ) and to determine COD repetitively.
To maintain the cyclic flow system, a stronger oxidant was required for regeneration of the consumed MnO4 -and for keeping it at its original concentration. As a preliminary test, ammonium peroxodisulfate, hydrogen peroxide, HIO4, potassium bromate and sodium bismuthate were tested for the oxidation of Mn 2+ to MnO4 -by a batch-wise method. It was revealed that HIO4 13, 14 and sodium bismuthate 15, 16 were preferable as an oxidant among them. HIO4 was selected, because sodium bismuthate was slightly soluble in water.
Reservoir volume and digestion of flow injection system
Naturally, the volume of the circulating reagent solution, i.e., reservoir volume should be as small as possible to reuse the reagents effectively and to minimize the waste. At the same time, the reservoir volume affects the number of samples to be determined.
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The digestion temperature is an essential factor for most oxidation reactions. For example, 30 min digestion in a boiling water bath is adopted for the oxidation of organic substances with KMnO4 in the conventional titrimetric method. 2 The use of a boiling water bath is not good for all equipment in a laboratory, because of vigorous water evaporation and falling dewdrops. In this work, two types of digestion procedures (70 and 130˚C) were used to evaluate the cyclic FIA system.
Determination of COD at 70˚C digestion
The reservoir, reaction coil and back-pressure coil were immersed into a water bath heated at 70˚C, as shown in Fig. 1 . Sodium oxalate was used as a COD standard. The HIO4 was the key substance for regeneration of the consumed MnO4 -and for recycling the reagent stream.
The effect of the HIO4 concentration on the peak height (∆absorbance) was investigated (Fig. 2) . The peak heights decreased gradually with increasing the HIO4 concentration. Because HIO4 is a powerful oxidizing agent, it can be presumed that organic substances injected are predominantly oxidized by HIO4 instead of by MnO4 -. Therefore, the reduction of color of the MnO4 -owing to the oxidation of organic substances does not occur. In practice, however, it happens that the reduction really occurred when HIO4 existed even in excess, and its intensity corresponded to COD value. Taking into account the sensitivity and repeatability, the concentration of HIO4 was chosen as 1 mM, which was 5-fold higher than the KMnO4 concentration. The standard sodium oxalate solution (6.5 mg COD l -1 ) was successively injected 50 times, and the changes of the flow signals (peak height, peak shape and baseline drift) were investigated. The results are shown in Fig. 3 . Without HIO4 [ Fig. 3(A) ], the baseline decreased vigorously so that the useful spectrophotometric scale was limited. Moreover, the signal strength after 50 injections was smaller than that of the first injection (7% decrease). These results were due to a decrease of the MnO4 -concentration in the circulating reagent solution, owing to the consumption of MnO4 -. However, with HIO4 [ Fig.  3(B) ], the baseline decreased slightly, yet the baseline and the flow signals were quite stable, and all signal strengths from the first to 50th injections were the same, thus resulting in good repeatability and reproducibility. It is obvious that HIO4 as well as MnO4 -oxidizes the organic substances simultaneously, but the reaction rate of HIO4 is less than that of MnO4 -. A slow baseline drift with increasing number of samples injected was observed; the reason for this drift is discussed later.
The other FIA variables were optimized by using the universal method, on the basis of, the maximum sensitivity, adequate sampling rate and linear calibration range. The optimized FIA variables are summarized in Table 1 . The calibration curve using oxalate as a COD standard was linear in the concentration range from 1.0 to 26 mg COD l -1 with a correlation coefficient of 0.998. The detection limit of this method was 0.3 mg COD l -1 . The relative standard deviation of 50 injections of 6.5 mg COD l -1 was 0.40%, when the sampling rate was 30 injections per hour.
D-Glucose is generally used as a standard reference material for COD measurements. [2] [3] [4] [5] [6] When D-glucose was used in this cyclic FIA at 70˚C digestion, very small responses were obtained. This was due to the slow reactivity of D-glucose being analyzed, and because the proposed method requires a very high temperature digestion.
Determination of COD at 130˚C digestion
To further evaluate this cyclic FIA thoroughly, D-glucose was used as a COD standard. The redox reaction between D-glucose and KMnO4 was accelerated by immersing the coiled PTFE reaction tubing into a hot dry bath where aluminum block was heated. The peak height increased with an increase in temperature due to a faster reaction. The highest possible temperature of 130˚C for the coiled PTFE tubing was used. The reservoir and back-pressure coil were still kept at 70˚C in the water bath (Fig. 1) . Under these conditions, bubbles were formed owing to vaporization of the reagent solution, which made it impossible to determine the COD value. Therefore, a long back-pressure coil (50 m) was installed behind the flowthrough cell. Other FIA variables are summarized in Table 1 .
The standard D-glucose solution (7.2 mg COD l reservoir volume was found to be too small to maintain the concentration of MnO4 -constant. It may be concluded that oxidation of the consumed MnO4 -by HIO4 was carried out perfectly and the circulating reagent stream remained at the original concentration of MnO4 -. It should be mentioned that a effects arising from the decrease of the reagent concentration during continuous analysis could always be made negligible by employing a larger initial volume.
Under the optimum experimental conditions (Table 1) , the calibration graph using D-glucose as a COD standard was linear in the concentration range from 1.0 to 24 mg COD l -1 with a correlation coefficient of 0.996. The detection limit of this method was 0.5 mg COD l -1 . The precision of the method obtained for 200 samples containing 7.2 mg COD l -1 was 0.40%, expressed as the relative standard deviation. The analytical throughput was 30 samples per hour.
Since the presence of chloride usually causes positive errors in the COD determination, only chloride ion was examined as a possible interferent, taking into account that chloride can be present at a concentration level of 10 -100 mg L -1 in environmental water. It was found that chloride ion up to 600 mg L -1 did not interfere with the COD determination without adding silver or mercury salts.
The cyclic FIA procedure was applied to the analysis of environmental water samples taken from a tributary river (Zasu River in Okayama City). The COD values were obtained by the calibration graph using D-glucose as a COD standard. The JIS method 2 was also used to analyze the same samples. Figure 5 shows the relationship between the results obtained by two different methods. It is shown that the proposed method yields results for real water samples are well correlated with the COD values determined using the JIS method. When the COD values evaluated by two methods are compared, it can be seen that the absolute values obtained using the proposed method are 25% of those obtained using the JIS method. This means that the digestion procedure used in this cyclic FIA achieved a 25% oxidation ratio.
Much research on advanced digestion procedures has been carried out in recent years. [6] [7] [8] [9] [10] These methodologies could be applicable in this cyclic FIA, and actual applications are in progress.
Conclusions
A cyclic FIA based on the acidic KMnO4 method for the determination of COD was developed. The consumed MnO4 -was successfully regenerated by the use of HIO4, allowing the repetitive determination of COD substances. The consumption of the reagents and the production of hazardous wastes were greatly suppressed. The proposed method is also suitable for routine analysis with respect to reproducibility, analytical frequency, automation and cleanness. . The FIA conditions are the same as in Table 1 . 
